Abstract: Vulcanization of polymer by ultraviolet irradiation has been playing an important role in the industrial sector especially for coating, ink and printing applications. Polymers used in this area are sensitive to ultraviolet (UV) radiation. Their final products have properties required for particular specifications. One of the methods to synthesize ultraviolet-sensitive polymers is the grafting of ultraviolet-sensitive units onto other polymer backbones. In this work, styreneisoprene-styrene copolymer (SIS) was selected as a polymer backbone whilst acrylic acid served as an ultraviolet sensitiser. The grafting reaction was carried out in a solution state of toluene through the ring-opening addition reaction of epoxidized SIS molecules. The results indicated that acrylic acid can be successfully grafted onto a previously epoxidized SIS backbone at a reaction temperature of 100 °C. Furthermore, the acrylation yield increased with the increase of reaction time.
Introduction
Radiation-curing technologies are expanding rapidly on an industrial scale. These new technologies use light beams to start photochemical and chemical reactions in organic materials (monomers, oligomers, polymers), thus leading to the formation of a new polymeric material in which final uses may be encountered in various industrial areas. Some of the applications are coatings, adhesives, dental materials, inks, and printing plates. They continue to develop and provide a number of economic advantages over the usual thermal operation: increasing manufacturing capacity, low energy requirements, decreasing working area, production-line adjustability, lowtemperature processability, non-polluting and solvent-free formulations, and uncomplicated designed system. The most important factor which influences the physical and chemical properties of final products is the type of polymer. The polymers used in the UV-curing system would rather contain photo-sensitive groups in order to achieve a fast cure rate and high strength. Photo-sensitive groups include diazo, cinnamate, benzoin, and acrylate groups. The photo-sensitive polymers can be prepared by several methods such as grafting the photo-sensitive group onto the polymer and polymerization of at least one monomer containing a photo-sensitive group. In the case of grafting, the polymer backbone contains unsaturated units which can be used as the grafting sites. Examples of such polymers are polybutadiene, polyisoprene, polypentadiene, styrene-butadiene copolymer, styreneisoprene copolymer, and styrene-isoprene-styrene copolymer.
In this study, grafting an ultraviolet-sensitive unit onto a polymer backbone (i.e., styrene-isoprene-styrene copolymer,SIS) was the selected method used to synthesize ultraviolet-sensitive polymer. SIS was selected as a polymer backbone due to its strength and structure while acrylic acid was selected as ultravioletsensitive unit because of its high reactivity under irradiation, moderate cost, and low volatility. To prepare ultraviolet-sensitive polymer, reactions are separated into two parts: epoxidation and acrylation. SIS contains a phase structure similar to styrenebutadiene-styrene block copolymer (SBS); the epoxidation reaction was investigated by Hsiue and Yang [1] , Jian and Hay [2] , and Margaritis et al. [3] . In addition, SIS molecules consist of isoprene units similar to the natural rubber; the epoxidized natural rubber was studied by Nakason et al. [4] and Saito et al. [5] while the acrylated natural rubber was studied by Phinyocheep and Duangthong [6] , and Xuan and Decker [7] . Acrylated SIS (ASIS) was synthesized through acrylation of epoxidized SIS (ESIS), since the epoxide ring is reactive and unstable. Therefore, the second-order modification of the ESIS is expected to easily occur at the epoxide rings.
Results and Discussion

Preparation of epoxidized styrene-isoprene-styrene copolymer (ESIS)
Epoxidation of SIS was carried out in solution state of toluene using performic acid in situ generated from a reaction of formic acid and hydrogen peroxide as shown in Figure 1 . Since formic acid and hydrogen peroxide are immiscible to the solvent, the rotor speed of the mechanical stirrer must be high enough to provide a large surface area between two phases. The epoxidation reaction of isoprene unit and performic acid is shown in Figure 2 . Since the epoxidation level during acrylation reaction was a factor, eq. (1) could be derived to eq. (2) as shown below:
where:
A 2.70 = integrated area of proton adjacent to epoxide ring at 2.70 ppm A 5.13 = integrated area of olefinic proton at 5.13 ppm in cis and trans isoprene units Figure 3 and Figure 4 show the 1 H-NMR spectra of SIS and ESIS, respectively, and Table 1 shows 1 H-NMR characteristic peaks of SIS, ESIS, and ASIS. The 1 H-NMR spectroscopic analysis indicated that epoxidation had occurred from the signal at 2.70 ppm as indicated in Figure 4 . Side reactions, such as the opening of the epoxide ring and cyclic ether formation did not occur, since the signals at 3.40 and at 3.90 ppm were not observed. From the FTIR spectrum of SIS and ESIS as shown in Figure 5 , differences occur at peak 870 or half epoxy ring stretching and at peak 1250 or whole epoxy ring stretching. The absorption of most significant peaks is given in Table 2 .
Epoxidation level of the ESIS was calculated from the integral area of the 1 H-NMR signal using equation (1), and results are shown in Figure 6 . It was found that mol % epoxidation increased with increasing reaction time. The rate of increase was high in the first period (i.e., 1-3 hr) and then slowed down at a reaction time longer than 3 hr. 
Tab. 2. Significant IR absorption bands of SIS, ESIS, and ASIS.
Functional Groups
Wave 
Preparation of acrylated styrene-isoprene-styrene copolymer (ASIS)
Acrylated styrene-isoprene-styrene copolymer (ASIS) was prepared through the addition reaction of acrylic acid to the epoxide units of ESIS in solution state by mixing acrylic acid and ESIS at 2:1 weight ratio in toluene and the reaction scheme is shown in Figure 7 . The manifestation of the acrylate unit was characterized by 1 H-NMR and FT-IR techniques. Figure 8 and Table 1 show the 1 H-NMR spectrum and characteristic peaks of ASIS, respectively. Figure 9 and Table 2 From the experiments, it was found that at a reaction temperature of 80 °C, there was very low acrylation yield, whereas the other experiment, at 100 °C, higher acrylation was observed. That is, the yield reached 10 mol % acrylation. Influence of temperature on acrylation yields indicated that the faster reaction occurred with the higher temperature due to the increase in reactivity. This result is in accordance with the report by Phinyocheep and Duangthong [6] . That is, the higher reaction temperature resulted in the higher rate of addition reaction. Reaction time was also a major factor in controlling acrylation yield, as shown in Figure 10 . At a given reaction temperature of 100 °C, the rate of grafting was high in the very first period and then slowed down to nearly zero after 21 hours of reaction. This might be because the acrylate units grafted thus far had retarded the movement of the ESIS chains because of steric hindrance. Reduction of the probability of molecular collisions was a consequence. From the curve, it was also found that the epoxy consumption is slightly faster than the acrylate grafting on the polymer chain. This suggests that in the first step, the ring opening of the epoxy group by protonation proceeds faster than in the second step, the acrylation of the polymer chain. This result is in good agreement with the report by Xuan and Decker [7] .
Experimental part
Styrene-isoprene-styrene block copolymer (SIS) was supplied by Chaisuriya Rubber Factory Ltd., Part. Formic acid (98-100% analytical grade) was used as purchased from Merck. Hydrogen peroxide (30% standard grade) was manufactured by Fluka Co., Ltd. Toluene and methanol were distilled before utilization. Acrylic acid (synthesis grade) was used as purchased from Merck. Deuterochloroform (99.5% analytical grade) was used as purchased from Fluka Co., Ltd.
Fourier transform infrared (FT-IR) spectrometer was Perkin-Elmer, PE 2000. Nuclear magnetic resonance (NMR) spectroscopy was Bruker AM 400 Spectroscopy 300 MHz.
Preparation of epoxidized styrene-isoprene-styrene copolymer (ESIS)
ESIS was prepared by dissolving 36.7 g (0.46 mol of isoprene unit) of SIS in 500 ml of toluene in a 1-litre beaker. The solution was kept still for 24 hours before heated to 60 °C and stirred by a mechanical stirrer at 250 rpm. After the temperature of the solution reached 60 °C, 4.89 g (0.11 mol) of formic acid and 24.08 g (0.21 mol) of hydrogen peroxide were added dropwise, sequentially. The solution was sampled at various reaction times followed by precipitation in methanol and drying at 40 °C.
Preparation of acrylated styrene-isoprene-styrene copolymer (ASIS)
Five grams of epoxidized styrene-isoprene-styrene copolymer (ESIS) were dissolved in 100 ml of toluene in a round-bottom flask, and 10 g of acrylic acid was added to the solution dropwise. The mixture was continuously stirred, and the temperature was kept constant at 80 °C and at 100 °C for the first and second experiments, respectively, during the whole reaction. The solution was sampled at various reaction times followed by precipitation in methanol and drying at 40 °C.
